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breathing; chemoreceptor; neonate; plethysmography AT LEAST 20% OF WOMEN CONTINUE to smoke during pregnancy, a habit that is associated with a variety of physiological and behavioral abnormalities in their neonates (41) . Of the various chemicals in tobacco smoke, nicotine readily crosses the blood-brain barrier and has a marked impact on neuronal growth and differentiation (52, 53) . Thus, understanding how prenatal nicotine exposure (PNE) alters the development of neurons that control key homeostatic systems, such as the respiratory control system, is a public health imperative.
The response of the respiratory system to changes in blood oxygen and carbon dioxide levels is among the most powerful and important of the homeostatic reflexes in mammals. It is essential that these ventilatory reflexes are functional so that oxygen supply to vital organs is preserved and blood pH regulated when neonates are challenged with hypoxia and/or hypercapnia (e.g., as occurs when the face is submerged in bedding).
Several investigators, with a variety of animal models and methods, have studied the influence of PNE on the ventilatory response to hypoxia and, to a lesser extent, hypercapnia (for review, see Ref. 23 ). However, the results are equivocal because most studies have examined ventilatory responses on only one or a few postnatal ages, few studies have examined multiple levels of hypoxia and hypercapnia, and fewer still have studied the same animals on each of several days after birth. Moreover, differences in the temperature at which the pups are studied, the rat strain, and the details of the plethysmography methods also contribute to different results throughout the literature. As a result of these differences in approach and findings, it has been difficult to arrive at a consensus about the influence of PNE on chemoreceptor reflexes in mammals.
Here we compare ventilatory responses to three levels of hypoxia, one level of hyperoxia, three levels of hyperoxic hypercapnia, and one level of hypoxia/hypercapnia in neonatal rats that were exposed to either saline (control) or nicotine throughout the prenatal period. Each animal was subjected to each of the stimulus conditions on postnatal day 1 (P1), P3, P6, P9, P12, and P18, and their ventilatory responses were determined with head-out plethysmography. Our results show that PNE consistently blunts the ventilatory response to hypercapnia at all ages studied and is associated with a small but significant reduction in hypoxic sensitivity on the first 3 days of life, but not thereafter.
METHODS

Animals.
All data presented here were derived from experiments approved by the Institutional Animal Care and Use Committee at The University of Arizona. Neonatal rats were derived from four salineexposed and four nicotine-exposed dams; two to four animals were used from each litter. We measured ventilatory responses in 12 saline-exposed and 12 nicotine-exposed neonates. Measurements were made on P1, P3, P6, P9, P12, and P18 in each animal. We also measured developmental changes in metabolic rate in normoxia and hypoxia in a separate group of animals (see below).
PNE. A 28-day osmotic mini-pump (2ML4, Alzet, Cupertino, CA) was implanted into eight pregnant rats on day 5 of gestation, as described in detail previously (26, 33, 34, 43) . In Sprague-Dawley rats, implantation of the embryo in the uterine wall is complete by the 7th day of gestation; implantation at day 5 ensures that exposure to nicotine begins in the early embryonic period. Pumps were set to deliver nicotine (6 mg·kg Ϫ1 ·day Ϫ1 at a rate of 2.5 l/h) in four rats, and physiological saline (also at a rate of 2.5 l/h) in four rats.
Measurements. Ventilation was measured in neonates using headout body plethysmography, as described previously (26) . Studies were carried out between 8:00 AM and 3:00 PM. Pups studied on P1, P3, P6, and P9 were placed in a chamber with a volume of 32 ml (diameter ϭ 2.6 cm, length ϭ 6.5 cm), while the chamber used for the 12-and 18-day-old pups had a volume of 70 ml (diameter ϭ 3.7 cm, length ϭ 6.5 cm). Both chambers were homemade from plastic tubing using a design similar to that described by Saetta and Mortola (45) . The pups were inserted tail end into the chamber with the head out. A neck seal was made by placing the animal's head through a small hole cut into the middle of a square piece of parafilm. The parafilm was secured around the chamber with rubber bands. In some cases, two or three pieces of parafilm were required to obtain a tight seal. If leaks were present, they were sealed with putty (North Coast Thera-putty, NC52340-03).
The rate of respiratory airflow was estimated from recordings of gas flow into and out of the chamber with a pneumotachometer (Hans-Rudolph model 8431, Kansas City, MO; range, 0 -3 l/min). Each chamber had three ports: a volume injection port used for calibration; a port used for insertion of a thermocouple probe for regulation of chamber temperature; and a port that was connected to the pneumotachometer. As described previously (26) , an increase in lung volume forced air from the chamber and across the pneumotachometer, while a decrease in lung volume caused opposite changes in flow. The pneumotachometer was connected to the positive and negative ports of a pressure transducer with a working range of Ϯ2 cmH 2O (Validyne DP45-16, Northridge, CA). The resultant changes in airflow were recorded on a polygraph (Grass model 7, Quincy, MA) after the signal was conditioned with a Validyne Carrier Demodulator and a Grass DC amplifier (model 7P122). The area under the inspiratory flow (V I)-time curve was electronically integrated (Grass model 7DA) to derive tidal volume (VT), as shown in Fig. 1 .
For calibration, we used a graduated 1-ml syringe and injected volumes of 0.1, 0.2, and 0.3 ml of air before and after each recording session; the average of the two curves was used to compute VT (see below). Chamber temperature was maintained between 32 and 34°C, as the thermoneutral zone for neonatal rats has been estimated to range from 30 to 34°C (37, 39, 46) . A thermocouple (Thermalert TH-5, Physitemp, Clifton, NJ) was inserted into a chamber port, and the excess space was sealed with Thera-putty. The thermocouple was connected to a control unit (TCAT-1A Temperature Controller, Physitemp, Clifton, NJ) that turned on an infrared heat lamp when the temperature dropped below the set point, and turned the lamp off when the temperature exceeded the set point.
Experimental protocol. To deliver gas to the animal, cylinders containing CO 2, N2, and O2 were connected to a precision Matheson rotameter. The outflow port of the rotameter was connected in series to a water-filled flask for humidification and a plastic cone that was placed loosely around the animal's head. Recording did not begin until the neonates were still and breathing regularly. The animal first breathed humidified compressed air until 3-4-min of continuous, stable breathing without movement artifact was obtained. Animals were then subjected to the following eight inspired gas conditions: hypoxia (16, 12 , and 10% O 2 in N2), hypercapnia (3, 6 , and 9% CO2 in 50% O2, balance N2), hypoxic hypercapnia (12% O2, 5% CO2, balance N2), and hyperoxia (50% O2, balance N2). The protocol was fully randomized, and each condition was maintained for 3 min. A 20-to 30-min air-breathing recovery period was interposed between each of the gas conditions. A string of 15-20 breaths in the last minute of each condition was analyzed for the computation of VT and breathing frequency (f). Although we typically obtained a continuous string of breaths, this was not always possible due to movement artifacts in the flow signal.
Measurement of metabolic rate in normoxia and hypoxia. We also measured oxygen consumption (V O2) and carbon dioxide production (V CO2) rates in saline-exposed and nicotine-exposed neonates, in normoxia and in severe hypoxia (inspired O2 fraction ϭ 0.10), on P1 (N ϭ 12 saline, 12 PNE), P3 (12 saline, 11 PNE), P6 (9 saline, 6 PNE), P9 (9 saline, 8 PNE), P12 (11 saline, 8 PNE), P18 (12 saline, 8 PNE), and P21 (6 saline, 6 PNE). These studies were done to determine if the well-described drop in metabolic rate in hypoxia (37, 40) differs in nicotine-exposed neonates compared with controls. Experiments on P21 were included because this time point was included in our companion study of prolonged hypoxic responses (unpublished observations). Two to three neonates were placed in a cylindrical Plexiglas chamber, with the number of neonates and the bottom trace in each panel) from representative neonatal rat pups studied on postnatal day 1 (P1), P3, and P12. All recordings were taken while the animal was breathing compressed, humidified air. Recordings for both prenatal saline-exposed (left) and prenatal nicotine-exposed (PNE; right) pups are shown for comparison. Horizontal lines through the flow recordings represent zero flow. The plethysmographs were calibrated by injecting known volumes of gas and digitally integrating the inspiratory flow (V I) signal with respect to time, yielding inspired VT (described in detail in METHODS); thus the flow trace is uncalibrated. Small differences in frequency and volume between saline-exposed and nicotine-exposed pups under these conditions were not a consistent finding, as the average data demonstrate (Fig. 2 ). chamber size (50, 110, or 235 ml) chosen such that the animal-tochamber volume ratio was optimized. Animals were allowed to acclimate to the chamber for 10 min. Compressed air was passed through a rotameter to control airflow (250 -300 ml/min) and a water-filled flask before entering the chamber. Effluent flow was measured continuously with a pneumotachometer (Hans-Rudolph model 8431, Kansas City, MO) placed in the outflow port of the chamber. The effluent flow passed through a drying column before being sampled by CO 2 and O2 analyzers arranged in parallel (Raytech). Ambient temperature was maintained in the thermoneutral range for neonates, as described above. Animals underwent two 10-min exposures to normoxia and one 10-min exposure to hypoxia (10% O 2, balance N2). Data were recorded using Spike II hardware and software (Cambridge Electronic Design, London); the last 5 min of each trial were used for data analysis. V O2 and V CO2 were calculated using standard equations, and expressed under STPD conditions.
Data analysis and statistics. Body weight, V I, VT, and f were measured in all animals before and during each of the inspired gas conditions. For statistical comparisons of ventilatory responses to changing inspired O 2 and CO2 levels, we measured the change (from the baseline level breathing humidified compressed air) in V I, VT, and f evoked by each of the inspired gas conditions. We chose to analyze changes in ventilatory outcome variables rather than their absolute values, because our primary goal was to examine the reflex response to changing inspired gas concentrations, independently of the baseline ventilatory drive and/or metabolic rate. Nonetheless, the absolute resting values for all variables are provided in Fig. 2 , so the interested reader can easily make the conversion to absolute values.
Thus changes in V I, VT, and f in response to changes in inspired oxygen concentration were subjected to a three-factor, mixed-model ANOVA, with two within-factors (age and gas concentration) and one between-group factor (saline exposed or PNE). Overall effects of each of the main factors are reported in RESULTS. If age ϫ treatment interactions were significant, differences between saline-exposed and PNE animals within an age group were tested with Bonferroni post hoc tests. Because the presentation of each of the gas conditions was fully randomized (see above), we treated each condition as if it were independent of the others, and thus analyzed each gas condition separately for the purpose of post hoc analysis. Thus, since animals were subjected to each of the gas conditions at six different ages, there are six contrasts for each of the conditions, and the P value was adjusted as follows: Bonferroni corrected P ϭ 0.05/6 ϭ 0.0083. We also performed a three-factor, mixed-model ANOVA for the threehypercapnia conditions, and a two-factor ANOVA (age and treatment group) for the hypoxia/hypercapnia experiments, for the V CO2 and V O2 measurements (which were done in separate groups of salineexposed and PNE animals), for the body mass measurements, and for the resting V I, VT, and f measurements. For all experiments, data are presented as means Ϯ SE in the text and Figs. 2-9 . In all cases, comparisons were considered statistically significant if P Ͻ 0.05.
RESULTS
Age-dependent changes in body mass and baseline ventilatory responses in normoxia.
Baseline data for body mass, V I, VT, and f are shown in Fig. 2 , A-D, respectively. As shown in Fig. 2A , neonates gained weight at the same rate up to P12, but PNE animals were significantly heavier on P18. Figure 2B shows baseline V I values as a function of age. V I increased with age in both groups (F ϭ 46.3, P Ͻ 0.0001), consistent with our laboratory's earlier work on similarly aged pups (26) . V I increased in a fairly linear way up to P12, but we did not observe a further increase at P18. Although there was no overall treatment effect, the age-treatment interaction was significant (F ϭ 4.75, P ϭ 0.0005). Post hoc analysis showed that V I was significantly greater in PNE animals on P12. VT also increased significantly with age in both groups, with no treatment effect and a significant age-treatment interaction, and with post hoc tests revealing a higher VT in PNE animals on P18 (Fig. 2C) . Baseline f declined significantly after P9 in both groups (F ϭ 9.71, P Ͻ 0.0001, Fig. 2D ), but there were no treatment or interaction effects.
Ventilatory responses to hypoxia and hyperoxia. The influence of PNE on ventilatory responses to hyperoxia and hypoxia are shown in Figs. 3-5, with the results of the three-factor ANOVA presented in Table 1 . As expected, there were significant effects of inspired oxygen content and age on the changes Fig. 2 . Body mass and ventilatory parameters measured under baseline conditions. A: growth curves in salineexposed control animals and animals that were exposed to nicotine in utero. Body mass changed at the same rate, with the exception of a higher body mass in PNE pups on P18. B and C: the developmental time course of baseline minute ventilation (V I) and VT, respectively, while the animals breathed compressed air (see METH-ODS) . Note that V I and VT rose with age at the same rate up to P9; thereafter, the nicotine-exposed pups showed a trend for higher V I and VT, with significantly greater values on P12 for V I and on P18 for VT. D: frequency declined significantly as a function of age in both groups, with no differences between groups (see RE-SULTS). *Difference between groups at the indicated postnatal age, P Ͻ 0.05. **P Ͻ 0.01. in V I, VT, and f in both groups (Table 1 ). There were no effects of treatment for any of the variables, although there was a significant age-treatment interaction for the change in V I (P ϭ 0.012, Table 1 ) and VT (P Ͻ 0.001, Table 1 ). As shown in Fig. 3 , post hoc analysis revealed that the source of the age-treatment interaction for the change in V I, was on P1 during hyperoxia (Fig. 3A) , on P1 during the 12% inspired oxygen challenge (Fig. 3C) , and on P3 in the 10% oxygen condition (Fig. 3D) . Measurement of the change in VT in response to hyperoxia revealed significant treatment effects on P1 (Fig. 4A) , on P1 and P6 during 16% oxygen breathing (Fig. 4B) , and on P1, P3, and P6 with 12% oxygen breathing (Fig. 4C ). Note that, for both V I and VT, the effects of changing inspired oxygen level were variable, with both larger and smaller responses observed in the PNE pups, depending on age and oxygen level. Although f appeared to differ between groups in hyperoxia and with 12% oxygen breathing (Fig. 5, A and C) , the treatments effects for the change in f did not reach significance (P ϭ 0.063, Table 1) .
Ventilatory responses to hyperoxic hypercapnia. The influence of PNE on ventilatory responses to hyperoxic hypercapnia is shown in Figs. 6 -8 , with the results of the three-factor ANOVA presented in Table 2 . ANOVA revealed significant effects of inspired CO 2 concentration and age on the changes in V I, VT, and f in both groups (Table 2 ). There were also highly significant treatment effects for V I and VT, but not f (Table 2 ). There were no significant age-treatment interactions, indicating that the treatment effects were statistically the same at all ages studied. This is clear when looking at the changes in V I and VT in Figs. 6, A-C and 7 , A-C, respectively. The treatment effects were significant at all three levels of hypercapnic exposure (Table 2 and Figs. 6, A-C, and 7, A-C) . Although f appeared to differ between groups on P1 with 3 and 9% inspired CO 2 (Fig. 8, A-C) , and on P12 with 3% CO 2 (Fig. 8A) , the treatments effects for the change in f did not reach significance (P ϭ 0.062, Table 2 ).
Ventilatory responses to combined hypoxia/hypercapnia. Ventilatory responses to hypoxia/hypercapnia were modest in both groups (Figs. 6D, 7D, and 8D ), but there were significant age and treatment effects for V I, VT, and f ( Table 3) . As with hyperoxic hypercapnia, there were no interactions between age and treatment for V I or VT (Figs. 6D and 7D, and Table 3 ), indicating that PNE depressed the increase in V I and VT at all ages. The f response was more complex, with a relatively weak treatment effect (P ϭ 0.045), but a strong age-treatment interaction (P ϭ 0.008; Table 3 , Fig. 8D ). Post hoc analyses revealed that the age-treatment interaction for f was significant on P1 and P18 (Fig. 8D) . On P1, the PNE pups dropped their f, while the saline-exposed control pups showed no change; on P18 the PNE animals had a larger f response than the controls.
Age-dependent changes in metabolic rate in normoxia and hypoxia. Three-factor ANOVA (i.e., age, treatment, inspired gas) revealed that mass-specific V O 2 and V CO 2 changed significantly as a function of age, treatment, and gas (P Ͻ 0.0001 for all factors). There was also a significant age-treatment interaction (P Ͻ 0.0001). Post hoc analyses revealed that V O 2 and V CO 2 measured in normoxia declined up to P12 in control pups, leveling off thereafter (Fig. 9, A and B) . The PNE pups had a more complex response, inasmuch as metabolic rate was significantly lower in PNE pups compared with controls on P1 (asterisks in Fig. 9, A and B) , and then increased markedly on Table 1 and in the text of RESULTS. Differences between treatment groups were few and, when present, small. *Difference between groups at the indicated postnatal age, P Ͻ 0.05. P3 and P6, followed by the age-dependent decline and subsequent leveling off observed in the saline-exposed controls. Hypoxia (10% inspired O 2 ) depressed V O 2 and V CO 2 significantly on P1, P3, and P6 in the saline-exposed control animals, but only on P3 and P6 in the PNE animals (Fig. 9, A and B) . Both groups of animals were able to maintain metabolic rate in hypoxia on P9 and beyond.
DISCUSSION
We examined the effects of PNE on the development of ventilatory responses to chemoreceptor stimulation. Our new contributions include the examination of multiple chemoreceptor stimuli and a longitudinal study design wherein each animal was studied at each of six postnatal ages. Our main finding is that PNE blunts the ventilatory response to hypercapnia and combined hypoxia/hypercapnia at all ages, but has only small and inconsistent effects on the response to hyperoxia and hypoxia. The blunted response to CO 2 is consistent with recent data showing that PNE alters development of central chemoreceptor pathways (11), although it is possible that the carotid body contribution to CO 2 sensing (8, 54) was also altered by PNE.
Influence of PNE on baseline ventilation and body mass. The age-dependent rise in V I under baseline conditions was similar in control and PNE animals and was driven by a systematic increase in VT with no significant change in f in either group. This age-dependent increase in V I is consistent with previous studies of ventilatory control in neonatal rats (3, 4, 10 -13, 26, 35, 40, 51, 58) . One exception is the significantly higher V I in PNE pups on P12. In our laboratory's previous study, we found no differences in eupneic V I between control and PNE pups, although the trend was for lower V I in PNE animals on P14 and P18 (26) . We also found subtle differences in the development of VT, with PNE animals showing slightly higher values on P18. Again, this contrasts with our previous findings showing that VT was lower in PNE pups on P14 and P18 (26) . Although we cannot explain the different results, it is noteworthy that the sex of the animals was not determined in either this study or our previous one. Given that others have noted small sex Fig. 4 . A-D: influence of age and PNE on the VT response to changing inspired oxygen levels: 50, 16, 12, and 10% O2, respectively. Each panel shows the ⌬VT on the y-axis, and postnatal age on the x-axis. The results of statistical analyses are given in Table 1 and in the text of RESULTS. Differences between treatment groups, when present, vary as a function of age. *Difference between groups at the indicated postnatal age, P Ͻ 0.05. Fig. 5 . A-D: influence of age and PNE on the breathing frequency (f) response to changing inspired oxygen levels: 50, 16, 12, and 10% O2, respectively. Each panel shows the ⌬f on the y-axis, and postnatal age on the x-axis. The results of statistical analyses are given in Table 1 and in the text of RESULTS. There were no significant between-group effects, nor age-treatment group interactions. differences (50) , perhaps the sex distributions differed in our two studies, causing systematic differences in our data.
Interestingly, PNE animals were heavier than the controls on P18, which is consistent with data reported in a recent study (35) . In contrast, other investigators have shown that PNE reduces body mass in neonatal rats (3) . The reason for the higher body mass in the PNE pups on P18 is not clear, although prenatal exposure to neuroteratogens, including nicotine, has been shown to disrupt the endocrine system, leading to abnormalities in body weight regulation (25) .
Influence of PNE on ventilatory responses to changing inspired oxygen tension. We used hyperoxia (50% O 2 ) to attenuate basal peripheral chemoreceptor discharge (3, 9, 20) , which should disfacilitate central respiratory neurons and decrease ventilatory output. Hyperoxia actually increased V I on P1 in saline-exposed control animals, while the PNE pups showed no change. The reason for the increase in V I with hyperoxia on P1 in the control neonates is unknown, although we note that 30-s exposures to hyperoxia has been shown to increase ventilation by 20% in healthy, 1-day-old human neonates (56) .
From P3 onward, hyperoxia reduced V I in both groups, with no between-group differences. Examination of the change in V I from baseline values shows that the carotid bodies make a substantial contribution to eupneic ventilation. For example, in P3 pups, hyperoxia reduced eupneic V I by 32% in salineexposed animals and 43% in PNE pups. On P18, the carotid body contribution to eupnea averaged 19% in both groups. This magnitude of hyperoxic blunting is consistent with previous data in similarly aged neonatal rats (3, 38) . Although we did not demonstrate a blunting of the hyperoxic ventilatory response with PNE, a previous study did show hyperoxic blunting with PNE on P3, but not at P8 or P18 (3). We note that, in that study, 100% O 2 was used, where we used only 50% O 2 , suggesting that the differences may be caused by dose dependence of the hyperoxic ventilatory response. Nonetheless, human infants born to smoking mothers showed no blunting of the ventilatory response to 100% O 2 (57) .
We also studied the ventilatory response to mild, moderate, and severe hypoxia, and, like others before us, we show that the hypoxic ventilatory response in awake neonatal animals is extremely variable, with often small and inconsistent differences between control and PNE animals, even in cases where the data are statistically significant (for review, see Ref. 23 ). Here, statistical comparisons between groups at a given age revealed only two significant differences: blunted ventilatory responses in the PNE pups on P1 during 12% oxygen breathing, and on P3 during 10% oxygen breathing. Others have shown that PNE reduces some aspect of the hypoxic ventilatory response in rats and mice (11, 32, 51, 58, 61) , or have reported no significant difference (3, 4) . Such discrepancies may be attributed to the considerable variability in hypoxic responsiveness mentioned above, to age-dependent changes in neurotransmitter receptor expression (61), or to other factors, such as the intensity and/or duration of the hypoxic stimulus, the age group chosen for study, the ambient temperature at which measures are made, the method of measurement (e.g., whole body vs. head-out plethysmography), and the technical challenges involved in measuring V I in awake neonatal animals (for review, see Ref. 39 ). Finally, it is possible that sex differences in the hypoxic ventilatory response increased variability. In this study, we did not record sex, but recent work examining the ventilatory responses to neonatal maternal sep- Fig. 6 . A-C: influence of age and PNE on the ventilatory response to different levels of hyperoxic hypercapnia are shown: 3, 6, and 9% CO2, respectively. The results of statistical analyses are given in Table 2 and in the text of RESULTS.
As above, each panel shows the ⌬VI on the y-axis, and postnatal age on the x-axis. *Significant treatment effect at each level of hypercapnia; however, there was not a significant age-treatment interaction at any level of hypercapnia, indicating that the effects were proportional across the age range studied (refer to Table 2 ). D: the ⌬VI in response to combined hypercapnia/hypoxia; as with hyperoxic hypercapnia, the response was blunted in PNE animals (refer to Table 3 and
aration shows enhanced hypoxic responses and tyrosine hydroxylase expression in the carotid body in males but not females (21, 27, 28) . Thus it is possible that the response to other stressors, such as hypoxia, is also sex dependent. How PNE causes these subtle alterations in development of hypoxic sensitivity in awake animals is not known, but could involve changes in carotid body oxygen sensing, central processing of the afferent input, or alterations in ventilatory output pathways. PNE increases mRNA for enzymes responsible for synthesizing dopamine and norepinephrine (19) , both of which inhibit the discharge rate of carotid body afferent nerve endings. In contrast, PNE had no influence on the in vitro discharge rate of carotid sinus nerve afferents in response to severe hypercapnia (3), which was studied in a background of either normoxic gas or severe hypoxia (1% O 2 ). From these data, the authors concluded that PNE may alter the central processing of chemoreceptor afferent discharge, or that the afferent nerves had not yet reached the nucleus of the solitary tract, where central processing of the input occurs (36) . These are both intriguing possibilities that need to be explored in more detail.
Further insight may be gained from the results of recent in vitro studies showing that PNE alters central information processing and respiratory motor output. Specifically, PNE blunts the respiratory motor response to exogenous nicotine (43) , while enhancing the response to exogenous agonists of GABA A , glycine, and AMPA receptors (33, 34, 43) . These data suggest that PNE disrupts the complex changes in neurotransmitter receptor expression that occur in respiratory neurons over the normal course of development (61), leading to subtle and complex changes in ventilatory control (reviewed in Refs. 16, 17) . Interestingly, hypoxia increases the release of both inhibitory and excitatory neurotransmitters in the brain stem (5, 24, 31, 44, 55) and increases both glutamatergic and GABAergic excitatory and inhibitory postsynaptic currents in rat neocortex (14) . Taken together, these data suggest that the ventilatory response to hypoxia or hyperoxia could differ, depending on the relative release of inhibitory and excitatory neurotransmitters, as well as the postsynaptic expression of neurotransmitter receptors.
Influence of PNE on ventilatory responses to changing inspired carbon dioxide tension. PNE significantly blunted the hypercapnic ventilatory response at every age examined and at all three levels of hyperoxic hypercapnia that we studied. These observations are consistent with recent results showing Fig. 8 . A-C: influence of age and PNE on the f response to different levels of hyperoxic hypercapnia are shown: 3, 6, and 9% CO2, respectively. The results of statistical analyses are given in Table 2 and in the text of RESULTS. There were no significant treatment effects at any level of hyperoxic hypercapnia. D: the ⌬f in response to combined hypercapnia/hypoxia. *There was a significant treatment effect (bracket ϩ asterisk) and a significant age-treatment interaction; the lone asterisks indicate a blunted ⌬f response in PNE pups on P1, but an enhanced response on P18 (refer to Table 3 and RESULTS). Fig. 7 . A-C: influence of age and PNE on the VT response to different levels of hyperoxic hypercapnia are shown: 3, 6, and 9% CO2, respectively. The results of statistical analyses are given in Table 2 and in the text of RESULTS. As above, each panel shows the ⌬VT on the y-axis, and postnatal age on the x-axis. *Significant treatment effect at each level of hypercapnia. As with V I, there were no significant age-treatment interactions at any level of hypercapnia, indicating that the effects were proportional across the age range studied (refer to Table  2 ). Moreover, since frequency did not change with hypercapnia (Fig. 8) , alterations in the control of VT explain the blunted ventilatory response to hypercapnia in the PNE animals. D: the ⌬VT in response to combined hypercapnia/hypoxia. As with hyperoxic hypercapnia, the response was blunted in PNE animals (refer to Table 3 and RESULTS).
that PNE blunted the ventilatory response to severe hypercapnia (10% inspired CO 2 for 10 min) in mice (11) . Nevertheless, there are some important differences between the two studies. For example, Eugenin et al. (11) found an approximately twofold difference in the ventilatory response of control and nicotine-exposed pups on P0 and P1, a smaller but still significant difference on P3, but no difference between the groups on P8. In contrast, we found that the influence of PNE on the hypercapnic ventilatory response in rat pups persisted for the entire 18-day study period, at all three levels of inspired CO 2 . Although this could be explained by a species difference in the timing of nervous system development, predictive models suggest that rat and mouse nervous systems develop at the same rate (7). Adult mice do metabolize nicotine more effectively than adult rats (29) , but it is not clear if this is true in neonates. Another factor could be species differences in the nicotine-mediated release of neurotransmitters, which greatly modulates respiratory rhythm generation in neonatal rats (16, 18, 49) . Interestingly, nicotine-evoked catecholamine release from rat hippocampal slices exceeds that in the hippocampal slice from mouse brain by a factor of almost eight (48) . These data suggest that differences in nicotine-mediated modulation of neurotransmitter release in the vicinity of respiration-related neurons may provide clues to the different responses in nicotine-exposed neonatal rats and mice older than 8 days of age.
An important similarity between our results and those of Eugenin et al. (11) is that the reduced hypercapnic ventilatory response in the nicotine-exposed animals is due primarily to a lower VT, although f was also reduced in nicotine-exposed mice, unlike the rat pups studied here. These observations are consistent with other data showing that the rise in V I with hypercapnia in neonatal rats is largely due to increased VT (59) as it is in adult rats (1, 2) . Interestingly, PNE does not appear to alter the hypercapnic response in human neonates (30) , although, in that study, the hypercapnic gases were mixed with air instead of hyperoxic gas, raising the possibility that CO 2 sensing by carotid bodies and central chemoreceptors may have interacted in a complex manner that obscured a PNE effect on the hypercapnic ventilatory response (see Refs. 15, 60). As discussed above, PNE had no influence on the in vitro discharge rate of carotid sinus nerve afferents in response to severe hypercapnia (3), suggesting that the effects of PNE influence central chemosensing mechanisms (11) . However, nicotine exposure also alters the lung mechanical response to hypoxia in lambs (47) , suggesting that PNE may influence the ventilatory response to blood-gas alterations independently of changes in chemoreceptor reflexes. Further study will be needed to explain the significant reduction in the hypercapnic sensitivity of nicotine-exposed neonatal rats.
Caveats pertaining to the repeated-measures study design. While repeated measures are generally considered to provide more statistical power, multiple exposures to hypoxia and hypercapnia may confound development of ventilatory responses in the neonates that are the subject of this study. However, the saline-exposed neonates that we used as the control group should correct for the influence of multiple exposure effects, since all animals were treated exactly the same, except for the contents of the osmotic minipump implanted into the pregnant dams. As a result, the probability of any systematic effect of multiple exposures to hypoxia or hypercapnia would be the same in both groups, with any remaining effects due to PNE. Another issue that could confound developmental studies in both the repeated-measures design that we used, and also in cross-sectional experimental designs, are litter-based genetic effects. However, genetic effects are more likely to be problematic in cross-sectional study designs, where measurements on several animals from a single litter are made, for example, on P1 and are compared with another group from a different litter that are studied on a different day. In this study, we used a few pups from each of four litters in both saline-exposed and nicotine-exposed cases and studied each of the pups repeatedly. Thus a systematic genetic effect is highly unlikely. Moreover, our laboratory has tracked both in vivo and in vitro responses of animals belonging to the same litter for several years now, as we use nicotine exposure routinely also in our in vitro studies (18, 33, 34, 42) . To date, we have not identified any litter-related differences in baseline ventilation, body mass, or in vitro C 4 ventral nerve root frequency in litters derived from either saline-exposed or nicotine-exposed dams. Fig. 9 . Changes in mass-specific O2 consumption (V O2) and CO2 production (V CO2) in normoxia and hypoxia (10% O2/90% N2). A and B: developmental changes in V O2 under normoxic and hypoxic conditions, respectively. C and D: the developmental change in V CO2 in normoxia and hypoxia, respectively. Experiments were done in up to 12 control and 12 nicotine-exposed pups, with each neonate studied on each of the indicated postnatal days, as described in
METHODS.
ϩ Hypoxia significantly different than normoxia within a treatment group; *saline different than PNE at indicated postnatal age: P Ͻ 0.05.
